The equations to calculate equal-power reflectivity of a sequential series of beam splitters is presented. Non-sequential optical design examples are offered for uniform illumination using diode lasers. Objects created using Boolean operators and Swept Surfaces can create objects capable of reflecting light into predefined elevation and azimuth angles. Analysis of the illumination patterns for the array are also presented.
Introduction
First, this paper defines the equations used to calculate the reflectivity of a series of beam splitters in a linear array so that the light reflected off all beam splitters is of equal power. To verify these equations, a non-sequential Zemax model is presented for a series of 45-degree beam splitters encased within a rectangular glass rod. A partially reflective metallic coating is applied to each beam splitter such that a collimated beam traveling along the length of the glass rod will reflect off each beam splitter with equal power. We then describe some 3-D beam splitter geometries in which the reflected light can be directed into a predetermined azimuth and elevation angle. In our concept a series of laser diodes in the visible spectrum comprise a point source. Each diode's wavelength can be driven to emit power corresponding to a chosen blackbody temperature. Hence, a series of laser diodes with seven different wavelengths can be combined and imaged into a fiber that acts as the point source for the collimator. A linear or curved array of laser diodes collimated in the slow axis can be collected via a swept conic reflector [1] to image to a point source. Figure 1 shows a series of beam splitters, each with its own reflectivity. The incident, reflected, and transmitted powers are shown in the figure and Table 1 . Setting the first two reflected terms equal to each other gives
Equations for Reflectivity
Removing I 0 gives
Replacing R 2 with R n and R 1 with R n-1 gives a general equation for successive reflectivity
If you include absorption within the material this equation becomes
where α is the absorption coefficient of the refractive material and t is the separation between beam splitter surfaces.
This can also be expressed as
where n is the beam splitter number and N is the total number of beam splitters in the array. The reflectivity of the first and last beam splitter is always = , and = 100% . Figure 2 shows the percent reflectivity for each beam splitter for several values of N (total number of beam splitters), ranging from N = 2 to N = 100. It is interesting to note that for larger N values, the differences in reflectivity for the first beam splitters is small while the differences between the last few splitters becomes quite large. Having accurate and precise control over partially reflective metallic beam splitters is an art, and with the current coating technology it is unrealistic to think of controlling reflectivity to less than a percent. However, Bill Casserly of Synopsys has suggested the possibility of using 100% reflective surfaces with small holes in the coating to fine-tune the overall reflectivity of each beam splitter surface. [2] This appears to be a promising strategy in achieving precise and accurate control over such small differences in metallic reflective surfaces. 
Verification of Uniform Power
To test the equations in Section 2, a simple series of seventeen 45-degree beam splitters was simulated in a Zemax nonsequential model with individual reflectivity values applied to the front surface of very thin rectangular flats of SiO 2 . These beam splitters were then placed inside a rectangular rod of SiO 2 such that the beam splitter surface appeared to be an infinitely thin reflective surface. Figure 3 shows a side view of the model with collimated light entering from the left. A rectangular detector was placed above the glass rod to collect the reflected energy. Figure 4 shows the detector radiance and a plot down the central column of the detector. As Figure 4 shows, the uniformity is excellent. 
45-degree Conical Reflectors
The next challenge was to model a series of 90-degree conical reflectors to verify the uniformity of reflected light coming from 3-D volumes and not just flat surfaces. The 90-degree cone was modeled with a SiO 2 lens having a hyperbolic surface on the front whose radius of curvature was 1 × 10 -7
and a conic constant of k = -2. The rear surface was flat and the lens thickness was equal to its semi-diameter (just slightly smaller than the cylindrical rod of SiO 2 that the lenses will go into). Figure 5 is a conceptual layout of injection-molded parts (glass or plastic) intended to convey a method of fabrication. The convex ends of the modules would have the reflective coating applied. Each successive beam splitter module would insert the male end into the female end of the prior module and be bonded. Together they would create a solid rod of plastic or glass with the beam splitter surfaces inside. Figure 6 shows the series of seventeen conical reflectors embedded within a cylindrical rod of SiO 2 . Each of the front hyperbolic surfaces of the SiO 2 lens has a unique reflective coating. There are several significant differences between conical and flat reflectors. First, a conical reflector will reflect light into 2π azimuth angles, whereas flat reflectors simply convert a circularly collimated beam into a collimated sheet of light. Second, conical reflectors have a discontinuity at their centers that can create scalloping or ripple in the radiance (Figure 7 ). This has been mitigated by placing a small obscuration in the center of the collimated beam. Figure 8 shows the 2π azimuth angles for the conical reflectors. 
Swept Off-Axis Parabolic Segments
For the third and final example of a sequential beam splitter array we modeled a surface capable of the same 2π azimuth angle reflectance of the conical reflectors but with the added ability to input the desired elevation angle θ. Figure 9 shows how an off-axis parabolic (OAP) segment can be designed to reflect collimated light into equal (or non-equal), angles in elevation. Collimated light coming in from the left strikes the convex side of an off-axis parabolic segment. The lower and upper marginal rays strike at z 1 , r 1 and z 3 , r 3 , respectively, while the axial chief ray strikes at z 2 , r 2 . The reflected rays appear to come from the focal point of the parabola at angles ±θ. After reflection off the immersed beam splitter surface, the light must refract out of the glass cylinder. This increases the elevation angle slightly but is easily calculated. In addition, it is possible to apply a scattering surface to the outside of the glass rod for a more diffuse appearance. If the total elevation angle θ T is known, and the scatter angle α and refractive index of the rod are known, then it is straightforward to obtain the reflected angle θ.
Using Boolean Object in Zemax, one can select a particular parabolic segment; the Swept Object in Zemax allows one to rotate the selected section about an axis of choice to produce a reflective beam splitter surface that reflects light in 360 degrees azimuth and ±θ in elevation (see Figure 9 ). Figure 10 shows the steps in Zemax non-sequential modeling.
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. the Boolean Obiect operation is used to select the desired section of an OAP: that Fig. 9 . An off-axis parabola can be used to reflect light into a prescribed elevation angle. Upper and lower marginal rays reflect at equal and opposite angles about the Y axis. 
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The basic equations for calculating the radial and axial limits of the parabola for a given elevation angle are presented in Table 2 . Table 2 . Equations for calculating the front and rear axial and radial heights (r and z) for a given elevation angle. Assembling an array of the swept OAP segments, inserting them into a glass rod and tracing a fan of rays demonstrates the elevation angles, (selected in this case to be ±11.5 degrees. Figure 11 is a side view of this arrangement. When a uniformly illuminated collimated beam is sent into the array through the entrance port of the glass rod, the radiance on the detector, along the elevation angle direction, is not constant even though the beam splitters have been assigned the correct reflective coating. This turns out to be a result of the swept object having stronger azimuthal curvature at the apex than at the edge. If one breaks down the circular beam into annular sources of equal area, each annular source throws its energy into 2π azimuth. Projecting the annular sources on to the surface of the swept object show a contour of increasingly deeper circles because of the slope change over the beam splitter surfaces. Hence, more energy is reflected in the +θ direction than in the -θ. Figure 12 shows the radiance plot in the elevation direction. To correct for non-uniformity, we must apodize the incoming beam of collimated light. Once this is accomplished, the uniformity returns in elevation, and we have achieved our goal. Figure 13 presents the results after an illumination beam was apodized. 
Conclusion
We have presented the equations for an array of equal power reflective beam splitters and demonstrated their constant radiance in reflection. We have presented several solid model geometries that allow for 2π azimuth reflection and a predetermined elevation angle.
